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Impaired working memory is common following concussion and neurophysiological deficits are known 
to outlast clinical measure normalization. This disconnect is thought to be the result of compensatory 
neural resource utilization which suggests cognitive inefficiency. Cognitive pupillary responses are 
established psychophysiological measures that reflect global neural resource utilization in response to 
cognitive demands—which may help inform both clinical and physiological aspects of working memory. 
Little is known about the influence of chronic stress on these clinical and physiological measures in 
healthy individuals. Therefore, the purpose of this study was to examine the mediation effects of self-
perceived chronic stress and concussion history on task performance and pupillary responses during a 
backwards overload digit-span task, in healthy individuals. Forty participants were included [mean age = 
20.85 ± 2.1 years, 50% male, 42.5% with history of concussion]. In both the pupillary response and task 
performance models, there was a significant effect of sequence-length (F1,398=8.30, p=0.004) and 
(F1,398=263.15, p=<0.0001), respectively. Specifically, greater sequence-lengths exhibited lower task 
performance and larger mean pupillary responses (i.e., greater neural resource utilization) until working 
memory capacity was met at which pupillary responses began to reduce. Concussion history, chronic 
stress, and the interaction between concussion history and chronic stress were not significant in either 
model. These findings support the sensitivity of pupillary response to cognitive load and working memory 
capacity during an overload digit-span task beyond performance-based measures alone. Our assessment 
for cognitive efficiency using VR and eye tracking technology may have implications for clinical practice 
and future cognitive interventions, specifically in concussed populations.   
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CHAPTER 1: INTRODUCTION 
Introduction 
 Concussion has gained markedly more attention in the past decade in the media and within 
clinical and research settings. A concussion is an injury caused by biomechanical forces to the head or 
neck regions which results in acute neurometabolic changes that manifest in clinically detectable 
symptoms.1,2 Some common symptoms following concussive injury include headache, nausea, anxiety, 
attention deficits, balance problems, fatigue, irritability, memory loss, sensitivity to light, and blurred 
vision.1,3 These clinical presentations reveal underlying physiological impairments that are caused by an 
initial ionic flux and indiscriminate glutamate release which result in significant energy demands and a 
period of metabolic crisis within the brain. This physiological response causes cytoskeletal damage, 
prolonged energy dysfunction, axonal damage, and impairments in neurotransmission, which manifest in 
cognitive, motor, vestibular, and behavioral impairments.2 
 The current assessment battery for this complex injury largely depends on clinical measures, 
including symptom inventory, motor control assessment, and neurocognitive tasks to detect injury and 
track recovery.1 Clinical manifestations associated with post-concussion impairments—as assessed with 
these measures—are known to normalize within 10-14 days in adult populations. However, some studies 
have reported physiological symptoms that extend beyond this window.1 While there is no clear 
timeframe for physiological recovery, impairments may persist up to 2 years following injury.4 A recent 
systematic review by Kamins et al. aimed to describe physiological recovery time post-concussion, using 
results from various advanced neuroimaging studies (e.g., functional magnetic resonance imaging (fMRI) 
electroencephalogram (EEG), and cerebral blood flow (CBF)), many of which support prolonged 
physiological deficits.4 The temporal inconsistency between clinical and physiological concussion 
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response and recovery is posited to result from compensatory neural activation patterns, to meet task and 
environmental demands.5,6 This presents a problem for clinicians given current clinical decisions such as 
return to play (RTP) considerations rely on clinical assessment normalization. These clinical measures do 
not possess the sensitivity to detect or monitor compensatory neural mechanisms without costly advanced 
assessment techniques.4 Moreover, early return to activity may compromise recovery time and potentially 
contribute to secondary injury risk.2 This highlights the need for an ecologically valid, physiological 
measure capable of capturing physiological deficits following concussion to improve overall concussion 
assessment and injury management.  
 One physiological assessment technique that might capture concussion injury response in a 
similar way to fMRI, EEG, and CBF is cognitive pupillometry (i.e., pupil dilation/constriction responses 
to cognitive demands). This psychophysiological measure is a reliable and valid assessment option that 
reflects global neural resource utilization across various types of cognitive domains (e.g., attention, 
vigilance, working memory, etc.).7,8 Digit-span working memory tasks are often used to examine 
cognitive pupillary responses. Beatty and Kahneman were the first to describe cognitive pupillometry 
during a digit-span working memory task by asserting consistent pupillary behavior during distinct 
portions of the task (i.e., digit-span loading and reporting).9 Pupils demonstrated incremental dilation 
proportional to increasing digit-sequence-lengths during digit presentation until memory capacity was 
met, at which the pupils stabilize or begin to decline in size.9 As such, this response captures difficulty 
and timing of stimulus in that the incremental change in pupil size mirrors the mental effort required to 
complete cognitive tasks.9–11  Cognitive pupillometry measures have demonstrated greater sensitivity to 
cognitive load-dependent processing differences in clinical populations, compared to task performance 
based measures alone—which may be useful in concussion populations.8,12,13 Validation using advanced 
imaging metrics supports that pupillary response during cognitive tasks is modulated by the noradrenergic 
locus coeruleus (LC) neuromodulatory system.6 Two muscles in the iris modulate pupillary responses – 
the dilator muscle is controlled by the sympathetic branch of the Autonomic Nervous System (ANS), and 
the sphincter muscle (constriction) is innervated by the parasympathetic branch of the ANS. While LC 
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activity directly evokes pupil dilation via sympathetic activation, LC activity indirectly causes pupil 
constriction by inhibiting the parasympathetic constriction pathway.10,11,14 Therefore, pupillary response, 
given its association with the ANS, may provide a more accessible option to investigate the discrepancy 
between physiological and clinical response to cognitive demands in the clinical setting following 
concussion.  
Acute and chronic aspects of stress may contribute to cognitive pupillometry studies given shared 
ANS involvement. Whereby, we define acute stress in the context of this study as the short-lived 
phenomenon of sensory sensitivity brought on by cognitive load and task difficulty.5,7 Consistent with 
previous studies Covassin and Bay and Lukasik et al., we define chronic stress as a long-term (>30 days) 
detrimental state due to demands of an environment or event where individuals experience and report 
negative emotions such as fears, worries, and anxiety.15,16 Acute stress or ‘stressors’ have been described 
extensively in psychophysiological investigations using pupillometry tasks involving digit-spans7, 
mathematical processing5, and cued-attention,12 to name a few. The effects of acute stress in the form of 
unexpected and/or aversive situations (i.e., unpredictable loud/aversive sounds5, or presentation of images 
with emotional content17) on pupillary responses have been examined. One study conducted by Mandrick 
et al. examined the effect of acute stress on pupillary response in both the form of an n-back working 
memory task, and random presentation of loud aversive sounds during testing. During trials at greater 
levels of difficulty (i.e., increasing n levels) performance declined, and average pupil diameter was larger, 
indicating greater neural resource allocation to the more difficult tasks. Trials that included the 
unanticipated loud sounds—regardless of task difficulty—did not result in lower task performance, 
though smaller pupil diameters were exhibited. Overall, acute stressors in the form of cognitive load and 
emotional stress, demonstrated psychophysiological costs. Specifically, compensatory neural resource 
allocation in response to the emotional stressor was accessed in order to meet task demands –therefore 
performance effects were minimal, and participants demonstrated similar task effectiveness. However, 
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these compensatory mechanisms consumed neurophysiological resources, resulting in decreased cognitive 
efficiency—described as the ratio between performance effectiveness and cognitive load.18  
Little is known about the role concussion history might have on the relationship between acute 
and/or chronic stressors and cognitive pupillometry metrics.  A recent study by Hershaw et. al. examined 
pupil diameter in 15 patients with chronic mild TBI and 23 uninjured controls as they completed a cued-
attention task that involved participants to shift their gaze to an onscreen targets and manually respond to 
the stimulus by pressing a button.12 The main focus of this paper was to determine the most appropriate 
cognitive pupillometry outcomes with sensitivity to cognitive load and group differences. A secondary 
aim of this paper was to describe these response parameters in participants with mild TBI. The study 
found that peak-based metrics, specifically peak dilation latency (i.e., the time point when peak dilation is 
reached) are likely to demonstrate sensitivity to load and group effects. Additionally, a significant 
interaction between group and cognitive load was identified using the peak dilation, indicating the linear 
effect of load was large in the mild TBI group than controls, meaning that the group collectively utilized 
more neural resources as cognitive load increased compared to their healthy counterparts, indicating those 
with concussion history demonstrate cognitive inefficiency during a cognitive task using pupillometry. 
Future studies might observe a similar interaction between cognitive load and mild TBI on peak dilation 
metrics during cognitive tasks.  
Less is known about the influence of chronic stress on cognitive pupillometry outcomes, though it 
is known to also induce activity in the LC in healthy populations, and perhaps alter LC gene expression. 
This results in reduced cognitive efficiency due to greater utilization of neural resources to meet task 
demands.6,19 Chronic stress has also been identified as a common comorbidity of concussion and may 
impact concussion testing. Often concussive injuries occur in the context of a stressful event, and/or cause 
a stressful period for patients as they navigate the injury and recovery process; therefore, symptoms due 
to the neurometabolic cascade of concussion are compounded by elevated stress levels in patients.20,21 
Furthermore, cognitive inefficiency following concussion is thought to disrupt and/or damage neural 
   
 
 5 
networks involved in the regulation of anxiety, which may influence individuals’ ability to properly 
manage stress.20 These correlates suggest that individual chronic stress levels might modify the 
relationship between cognitive demands and pupillary response, and therefore should be examined to 
ensure appropriate clinical interpretation. Moreover, it is important to gauge the extent of the effect of 
chronic stress, using PSS4 scores, on cognitive pupillary response to isolate the effect of interest (i.e. 
acute stress due to cognitive demands) in order to inform future investigations between pupillary response 
and cognitive efficiency during a digit-span task.  
 Therefore, the purpose of this study was to examine the mediation effects of self-perceived 
chronic stress and concussion history on task performance and pupillary responses during a digit-span 
task, in healthy individuals. This will allow us to better understand how cognitive pupillometry measures 
may provide information about working memory and cognitive efficiency beyond task performance 
measures alone—and the role of self-perceived chronic stress and concussion history on these outcomes. 
We anticipated that those with greater self-perceived stress would exhibit lower task performance 
measures during the digit-span task, regardless of concussion history. However, we hypothesized that 
those with greater self-perceived stress scores and those with a concussion history would exhibit greater 
average change in pupil diameter during the digit-span task. These results will help to inform future 
cognitive pupillometry studies with respect to self-perceived chronic stress effects on clinical and 
physiological measures which may have important implications for concussion assessment and 
management.  
Research Questions  
Question 1. Do chronic stress (PSS4 total score) and concussion history demonstrate mediation effects on 
pupillary response during a digit-span task in healthy individuals?  
Question 2. Do chronic stress (PSS4 total score) and concussion history demonstrate mediation effects on 
task performance during a digit-span task in healthy individuals? 





Hypothesis 1. We hypothesized that those with greater self-perceived stress scores and those with a 
concussion history would exhibit greater average change in pupil diameter during the digit-span task. 
Hypothesis 2. We anticipated that those with greater self-perceived stress scores would exhibit lower task 




a. Average change in pupil diameter between the retention and baseline periods. Calculated 
by taking the difference between average pupil size during the first 120 samples of the 
retention period and the last 15 samples of the baseline period for each trial, then 
averaging across sequence-lengths.7 
b. Task Performance (accuracy) as the percent correctly recalled digits by serial position for 
each trial (i.e., higher score indicates a more accurate trial or a better task performance). 
2. Independent 
a. Group 
i. Concussion history 
ii. No prior concussions 
b. Self-perceived stress measured via the Perceived Stress Scale 4 (PSS4) total score [0,16]. 
c. Sequence-length (i.e., Task digit-sequences that ranged from 4 to 14 digits long). 
 
Definition of Terms 
1. Sequence-length: the numbers of digits in a given digit-sequence. 
2. Neural Resource Utilization: brain activity that results from an imposed task.  
3. Baseline Period: five second pupil accommodation period prior to each digit-span task trial. 
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4. Loading Phase: the portion of the digit-span task in which participants are presented with a 
sequence of digits at the rate of 1 per second—that they are expected to remember and report in 
reverse order to the best of their ability.  
5. Retention Period: three second period after each digit-span is presented when participants 
encode/manipulate the information and prepare to report. 
6. Unloading Phase: the portion of the digit-span task during which participants report the presented 
digits in exact reverse order, to the best of their ability. 
 
Operational Definitions 
1. Physically/Recreationally Active: individuals self-reported participation in moderate to vigorous 
physical activity for at least 30 minutes a day, 3 times a week. 
2. Concussion: an injury caused by biomechanical forces to the head or neck regions resulting in a 
variety of symptoms including headache, confusion, nausea, cognitive deficiencies, photophobia, 
noise sensitivities, and balance difficulties.1 
3. Task Performance (Accuracy): response accuracy will be defined by trial as the proportion of 
correctly recalled digits by serial position. 
4. Acute Stress: cognitive task demands (backwards overload digit-span task) with varying levels of 
difficulty. 
5. Chronic Stress: A chronic (>30 days), detrimental state due to demands of an environment or 
event where individuals experience and report negative emotions such as fears, worries, 
and anxiety—as assessed using the Perceived Stress Scale (PSS4).15 
 
Delimitations 
1. Individuals who sustained a concussion within 6 months prior to the testing session, or who did 
not report a physician diagnosed concussion were excluded.  
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2. Individuals who did not meet the physical activity criteria were excluded (i.e., at least 30 minutes 
of moderate to vigorous physical activity 3 times a week). 
3. Individuals with permanent vision loss, strabismus, amblyopia, or eye surgery in the last 6 
months were not included in this study.  




1. Participants were responsible for reporting their own medical history—including a prior 
physician diagnosed concussion. Being so, there is potential for participants to be included in the 
concussion history group who should not have been.  
2. Participants were responsible for reporting their own activity level and thus some participants 
may have been included into the study that did not meet the physical activity criteria. 
3. Participants self-reported chronic stress levels (perceived stress), and participants may have 
differing concepts of levels of stress 
 
Assumptions 
1. Participants accurately reported past medical history—including concussion history. 
2. Participants accurately reported weekly physical activity levels. 
3. Participant accurately described their perceived stress over the 4 weeks prior to their testing 
session date. 
4. Participants remained engaged and gave full effort during the digit-span task.  
  





CHAPTER 2: LITERATURE REVIEW 
Concussion  
Concussion is a complex neurological injury caused by biomechanical force to the head that is 
posited to  result in molecular alterations, ionic and neurotransmitter imbalance, and synaptic 
inefficiencies, often referred to as the “neurometabolic cascade” of the injury.22 The incidence of sport-
related concussion is about 3.8 million per year, and this number is likely even higher given that athletes 
often under-report symptoms or fail to report the injury altogether.23,24 According to the 5th international 
conference on concussion in Berlin, clinical symptoms include headache, nausea, cognitive impairment 
(e.g. slowed reaction time), and sleep/wake disturbances.1 The variability in symptom presentation among 
patients complicates the management of concussive injuries. Diagnosis of sport-related concussion and 
comprehensive return-to-play guidelines are imperative for appropriate clinical management given 
potential negative consequences of a second injury occurring to an already vulnerable system.25 
Physiological Effects of Concussion  
The physiological effects of concussion are complex and result in a variety of clinically detectable 
symptoms. Following the initial trauma to the brain, cellular and physiological functions are disrupted.26 
Defects in lipid membranes due to the mechanical force result in indiscriminate glutamate and ion release. 
As a result, synaptic repolarization is delayed and a “depression-like” state spreads. This phenomenon 
clinically presents as migraine headaches and light and sound sensitivities.2 Mild cognitive impairments 
are also common following concussion—often affecting especially spatial learning and memory—and 
occur due to concussive injury are explained by axonal injury and impaired neurotransmission.2,26 In an 
effort to restore normal function and mend these microscopic injuries, the brain upregulates ATP-
dependent repair systems. This occurs while receiving normal amounts of cerebral blood flow, resulting 
in an “energy crisis” of mitochondrial dysfunction, elevated ADP levels, and decreased energy reserves. 
While this impaired metabolic state is thought to resolve in 7-10 days, the inefficiency of the brain 
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experienced before complete physiological recovery makes individuals susceptible to a second injury.25,27 
Additionally, recent studies examining physiological effects following concussion, including one by J.L 
Pertab et al. argues that the central and peripheral ANS structures are likely damaged due to concussion 
including metabolism and cerebral blood flow—given  these functionalities are altered post-injury. 
Furthermore, ANS dysfunction is known to be linked to other concussion-related symptoms including 
stress, depression, and sleep disruption.26 
Concussion Assessment 
 Due to the varying clinical presentations of concussion, the assessment battery examines 
comprehensive aspects, including a symptom inventory, vestibular assessments, neuropsychological (NP) 
tests, and ocular screening.1 Common clinical measures used to capture post-injury symptoms and mental 
status deficits—recommended by the 5th international conference on concussion in Berlin—include the 
SCAT5 (sport concussion assessment tool) and SAC (standardized assessment of concussion) 
questionnaires.1 However, these measures can be limited due to patient self-reporting, even in individuals 
with adequate levels of knowledge around concussion.24 Additionally, sometimes it is difficult to tell if  
post-injury symptom/s reported by an athlete are in-fact a result of the injury, a premorbidity, or an 
unrelated phenomenon.4 Lastly, recent evidence suggests the sensitivity of these clinical instruments 
rapidly declines after the first 3 to 5 days following concussion.28 Additional clinical assessments have 
also been used to capture motor control impairments, vestibular/oculomotor dysfunction, and exercise 
intolerance, and neuropsychiatric deficits (e.g., Balance Error Scoring System (BESS) or 
Vestibular/Ocular Motor Screening (VOMS), Buffalo Concussion Treadmill Test, ImPACT, etc.).29 As 
illuminated by the wide range of the concussion assessment battery tools, no single, specific, and 
sensitive measurement exists that is sufficient to diagnose concussion or monitor recovery alone. 
Symptom inventory used to serve as a pseudo-clinical measure for physiological dysfunction without 
investigation into underlying causes that produce symptoms, but now researchers and clinicians are 
hopeful that a handful of biomarkers can help illuminate these physiological alterations now understood 
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to occur as a result of concussion. 27,30 Some current modalities to assess physiological changes and 
recovery following concussion include functional magnetic resonance imaging (fMRI), 
electroencephalogram (EEG), and cerebral blood flow (CBF).4 For example, fMRI BOLD response can 
be utilized as an indirect spatial and temporal measure of neuronal activity via analysis of blood 
oxygenation in the brain while performing specific cognitive tasks. These technologies may provide 
relatively unbiased and precise physiological measures for concussion assessment and management, but 
the relationship between these measures and clinical manifestation as well as the clinical relevance and 
timelines of these biological makers requires further investigation, clarification, and validation.4,31 
Furthermore, the cost and availability of testing using fMRI, EEG, and CBF technologies limits the 
practicality of widespread use of these tools in clinical settings.  
 One serious symptom often experienced by concussed individuals is cognitive impairment. Some 
ways to quantify cognition are attention, processing speed, and working memory, and depending on the 
difficulty of neurocognitive task, researchers can begin to quantify cognition in relation to task 
performance. Working memory is a particularly interesting phenomenon because it is limited in storage 
and processing capabilities, and is often examined in neurocognitive testing.32 For most individuals, the 
working memory capacity is 7 +/- 2 pieces of information. If cognition is inefficient, the ability of an 
individual to complete a task will be limited by the availability of neural resources required to meet the 
demands the task, often presenting as a lower working memory capacity. Just et al. explains that 
pathological neurological changes (e.g. stroke or concussion) can reduce neural resource supply and 
therefore reduce the efficiently of neural networks.13 Working memory capacity, and the subsequent 
cognitive efficiency illuminated by neural resource utilization can be captured by neurocognitive tasks 
such as a digit-span task. However, the clinical measures often used to examine effective cognitive 
processing as a whole, including working memory, have a limited ability to capture the physiological 
efficiency during these tasks. 
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Persistent Physiological Deficits 
 Described in a recent systematic review by, McCrea et al. a “window of cerebral vulnerability” is 
likely to occur following concussion, when the brain is still functioning differently, despite clinical 
recovery as seen using fMRI and EEG technologies.4 The brain likely utilizes compensatory 
neurophysiological activation mechanisms in order to maintain task effectiveness, suggesting 
physiological cognitive inefficiency. Early return to activity informed by clinical measures alone may 
therefore have negative consequences given potential persistence of physiological impairment. Recent 
studies examining ANS dysfunction beyond clinical recovery and RTP decisions specifically, have noted 
augmented sympathetic neural activity and reduced parasympathetic neural activity.27,33,34 Whereby, the 
parasympathetic branch directs neural activity at rest, and the sympathetic branch directs neural activity 
during stressful situations. Purkayastha et al. further reports that unnecessary sympathetic activity results 
in inefficient resource utilization—as the body acts as though it perceives a nonexistent stressful 
stimulus.33 Both sympathetic and parasympathetic branches of the ANS modulate heart rate variability, 
and CBF, both of these biomarkers have been investigated as potential tools to elucidate physiological 
deficits after a concussed individual is asymptomatic.27 
Limitations with Current Framework 
 While the clinical and scientific communities treating and studying concussion recognize the need 
for more sensitive measures for concussion diagnosis, treatment, and RTP decisions, the biomarkers with 
the most research lack feasibility and ecological validity. The complexity of fMRI BOLD response, CBF, 
or EEG analysis, in addition to the high cost of the machinery to analyze these biomarkers, compromises 
widespread use of these technologies. In a recent systematic review by McCrea et al., advanced 
neuroimaging, fluid biomarkers, and genetic testing following concussion were rated low for diagnostic 
and prognostic effectiveness, though were characterized as elucidating the neurobiological effects of 
concussion. Further research and understanding around these advanced metrics is required before they 
could be clinically utilized—which may be supplemented with more accessible proxy measures 
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associated with these advanced teachniques.35 One potential solution to measure persistent physiological 
deficiencies following concussion—as they relate to working memory cognitive impairment—is through 
cognitive pupillometry measures during a digit-span task.  
Anatomy of Pupillary Response  
 Two muscles in the eye – the sphincter pupillae and dilator pupillae muscles – collectively work 
to control the amount of light entering the eye by acting to change the size of the pupil. The sphincter 
pupillae muscle constricts, causing less light to hit the retina, and is controlled by the parasympathetic 
nervous system via the neurotransmitter acetylcholine. Contrarily, the dilator pupillae works to expand 
the size of the pupil, allowing more light to hit the retina, which is modulated by the sympathetic nervous 
system via the neurotransmitter norepinephrine. Both branches of the ANS directly help to control 
pupillary response. Particularly, the dilation response is linked to LC activation as this part of the 
brainstem secretes norepinephrine in response to arousal or cognitive function. Because of this direct 
correlation between pupil dilation and LC activity, pupillary responses to cognitive task demands can 
provide a useful, noninvasive metric of LC activity and indirectly quantify global neural resource 
utilization.36,37  
Pupillary Response to Cognitive Load 
 The pupils dilate and constrict as part of a light reflex as well as in response to cognitive and 
autonomic functions.38 Extensive research in cognitive neuroscience and psychology have utilized 
pupillary response as a window into cognitive effort throughout a given task since 1960.36 Furthermore, 
during a working memory task, pupil diameter changes can measure the amount of information being 
processed quickly and reliably at any given time—termed ‘cognitive load’. Where the magnitude of pupil 
response is related to task difficulty such that, greater magnitudes of pupil dilation reflect greater and 
more difficult  information that is being processed.9 Klinger et al. explored this relationship by measuring 
pupillary responses during a digit-span memory task where the stimulus was given either visually or 
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aurally across three different cognitive tasks (i.e., attention, working memory and vigilance). The study 
reported a significant effect of sequence-length (i.e. task difficulty) on magnitude of pupil dilation at the 
end of the stimulus presentation, supporting pupillary responses as an index for cognitive load.7 In 
addition to utilization in healthy populations, pupil dilation and cognitive processes have been examined 
across varying diseases states such as Alzheimer’s and Parkinson’s disease.39,40 One study examined 
pupillary response during a digit-span task in adults who are cognitively normal and those across varying 
levels of mild cognitive impairment (MCI), both single domain (S-MCI) and multiple domain(M-MCI). 
The results of this study suggested that pupillary responses during a digit-span task reflect compensatory 
effort —exhibited by greater pupil dilation—to achieve equal task performance in those with lower levels 
of MCI based on working memory capacity.39 These findings illustrate the potential added benefit of 
including cognitive pupillometry in concussion populations to assess post-injury cognitive efficiency, 
beyond task performance measures alone.  
Stress, Cognitive Function, and Task Performance 
 Acute and chronic aspects of stress may contribute to cognitive pupillometry studies 
given shared ANS involvement. Whereby, we define acute stress in the context of this study as the short-
lived phenomenon of sensory sensitivity brought on by cognitive load and task difficulty.5,7 Consistent 
with previous studies Covassin and Bay and Lukasik et al., we define chronic stress as a long-term (>30 
days) detrimental state due to demands of an environment or event where individuals experience and 
report negative emotions such as fears, worries, and anxiety.15,16 Acute stress or ‘stressors’ have been 
described extensively in psychophysiological investigations using pupillometry using tasks involving 
digit-spans7, mathematical processing5, cued-attention,12 to name a few. The effects of acute stress in the 
form of unexpected and/or aversive situations (i.e., unpredictable loud/aversive sounds5, or presentation 
of images with emotional content17) on pupillary responses have been examined. One study conducted by 
Mandrick et al. examined the effect of acute stress on pupillary response in both the form of an n-back 
working memory task, and random presentation of loud aversive sounds during testing. During trials at 
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greater levels of difficulty (i.e., increasing n levels) performance declined, and average pupil diameter 
was larger, indicating greater neural resource allocation to the more difficult tasks. Trials that included the 
unanticipated loud sounds—regardless of task difficulty—did not result in lower task performance, 
though smaller pupil diameters were exhibited. Overall, acute stressors in the form of cognitive load and 
emotional stress, demonstrated psychophysiological costs. Specifically, compensatory neural resource 
allocation in response to the emotional stressor was exhibited in order to meet task demands –therefore 
performance effects were minimal, and participants demonstrated similar task effectiveness. However, 
these compensatory mechanisms consumed neurophysiological resources, resulting in decreased cognitive 
efficiency—described as the ratio between performance effectiveness and cognitive load.18 Another study 
applied a psychosocial stressor—oral presentation and mental arithmetic in front of judges—to 
participants in order to examine the effects on working memory.41 Impairments in working memory were 
identified as a result of the acute stressor; however, the impairments resolved after 30 minutes. Because 
acute stressors are short-lived, we expect the physiological correlates of acute stress to resolve fairly soon 
after the stressor has been removed. 
Less is known about the influence of chronic stress on cognitive pupillometry outcomes, though it 
is known to also induce activity in the LC in healthy populations, and perhaps alter LC gene expression. 
While less is known about the effect that chronic stress has on cognition, some studies report a negative 
association. For example, Hadwin et al. examined the performance differences between participants with 
high state, or chronic, anxiety and low state anxiety during forward and backward digit-span tasks and 
found that the two groups performed the same in task accuracy; however, the more chronically stressed 
group took longer to complete the task.42 The additional time taken by the higher state anxiety group 
indicates that some effect of chronic stress likely acts on performance efficiency in cognitive tasks. 
Similarly, Lukasik et al. conducted verbal, visuospatial, and n-back working memory tasks and examined 
the association between task performance and state anxiety, finding that increased stress is related to 
poorer working memory performance across testing paradigms.16  
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This results in reduced cognitive efficiency due to greater utilization of neural resources to meet 
task demands.6,19 Chronic stress has also been identified as a common comorbidity of concussion and may 
impact concussion testing. Often concussive injuries occur in the context of a stressful event, and/or cause 
a stressful period for patients as they navigate the injury and recovery process; therefore, symptoms due 
to the neurometabolic cascade of concussion are compounded by elevated stress levels in patients.20,21 
Furthermore, cognitive inefficiency following concussion is thought to disrupt and/or damage neural 
networks involved in the regulation of anxiety, which may influence individuals’ ability to properly 
manage stress.20 Because both chronic and acute stress levels impact cognitive efficiency – a potential 
indicator of physiological recovery in concussed populations – in response to an applied acute stressor 
(i.e. digit-span task), chronic stress of individuals should be taken into consideration when analyzing 
cognitive efficiency in future applications. 
Rationale for Current Study 
Concussive injury can have lasting effects if not treated properly and particularly poses threats to 
athletes today. The current assessment and management of concussion relies on clinically detectable 
symptoms despite known physiological deficits persisting beyond clinical normalization; however, 
technologies to capture physiological metrics are not ecologically valid due to cost, availability, and 
portability. In healthy populations, pupillary response has been used as an indication of neurological 
resource utilization in order to indirectly measure cognitive efficiency as a tool for concussion 
assessment. Pupillary response to digit-span task might provide a reliable, portable, relatively inexpensive 
solution to examine neurological deficits of concussion post-clinical normalization via cognitive 
efficiency and neural resource utilization investigation. Task performance compared to the pupillary 
response to a digit-span task can help to elucidate any compensatory actions by the brain that constitute 
the gap between physiological and clinical recovery.  
Additionally, chronic stress and concussive injury act on the ANS in similar ways, and so self-
perceived chronic stress might influence clinical measures of cognitive efficiency. Furthermore, acute 
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stress, induced by a working memory task (e.g., digit-span task), also shares ANS ties with chronic stress 
and concussive injury by increasing sympathetic nervous system activity. Therefore, it is important to 
gauge the extent of the effect of chronic self-perceived stress, on cognitive pupillary response during a 
working memory task in order to isolate the effect of interest (i.e. acute stress due to cognitive demands) 
in order to inform future investigations between pupillary response and cognitive efficiency.







CHAPTER 3: METHODS 
Design and Participants 
 This quasi-experimental, cross-sectional study recruited physically active, college aged 
individuals with and without a concussion history. All participants were recruited from a single 
university, were between 18 and 30 years of age, and had normal or corrected-to-normal vision. 
Additionally, concussion history group participants were included if their most recent physician 
diagnosed concussion occurred more than 6 months prior to their participation date. Physically active was 
operationally defined as participating in at least 30 minutes of moderate to vigorous physical activity 
three times per week. Concussion was defined using the Consensus Statement on Concussion in Sport 
from the 5th International Conference on Concussion in Sport as a functional brain injuries that are 
typically induced by biomechanical a cascade of short-lived neurological and neuropathological changes.1  
All participants reported for one testing session and provided written informed consent prior to any study 
participation. The study was approved by the institution’s Office of Human Research Ethics board. Upon 
study completion, participants were compensated $10 for their time. 
Laboratory Procedures 
Participants completed a demographic and medical history questionnaire that included specific 
questions regarding their concussion injury history. Participants were then seated in a chair and fitted with 
the FOVE Virtual Reality (VR) head-mounted display (FOVE, Inc. Silicon Valley, San Mateo, CA) while 
wearing a disposable sanitary face cover over the mask. The positioning camera was vertically aligned 
parallel to top of the headset to ensure participants were vertically aligned and facing forward in the VR 
environment. Adjustments were made so 6 corneal glints were made visible on participant pupils. 
Research assistants then started a 5-point calibration during which participants followed a highlighted 
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point using only their eyes to accurately measure pupil size and gaze direction. Participants were then 
familiarized with the task by completing practice trials (all 4-digit sequences) until study staff had 
determined that the participant demonstrated adequate understanding and compliance with task 
requirements. Participants were instructed to keep their head still with their eyes focused on the testing 
wall in front of them, refrain from closing their eyes and/or looking around the room while trying to 
remember the digits. 
Once participants finished the digit-span task, they were asked to complete a second 
questionnaire with questions regarding self-efficacy during the task and self-perceived stress during 
throughout the past month. The questions assessing perceived stress were posed after the task in an effort 
to avoid heightening or initiating any stressful thoughts prior to the task.  
Backwards Overload Digit-span Task 
Task Design  
The backward digit-span task designed to overload working memory used in the present study 
was adapted from Johnson et al. to accommodate a university sample.43 Our adaptation of the task utilized 
a randomized blocked design containing 6 consecutive testing blocks of 11 random digit-sequence-
lengths between 4 and 14 digits long—each including the numbers 1 through 9—as depicted in Figure 
3.1. These digit sequence-lengths were chosen based on previous concussion literature supporting that in 
order to overload individuals within this age range beyond their working memory capacity, sequences 
lengths need to be greater than 12 digits long.44 A Latin Square was used to determine task presentation 
Figure 3.1—Task Design – The digit-span task was a randomized block design consisting of 6 consecutive blocks containing 
digit sequence-lengths of 4 through 14. Digit sequence-lengths were first randomized and then reshuffled using a Latin Square 
design in each consecutive block to account for testing order effects. A total of 66 trials are depicted. 
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with respect to sequence presentation order and individual digit presentation within each sequence—this 
approach ensured appropriate counterbalancing and exclusion of duplicate and consecutive integers.44 A 
custom random number generator determined initial sequences for each Latin Square model. All 
participants completed the same task as designed, which took approximately 40 minutes to finish, 
including task familiarization.  
Task Performance  
Participants responded verbally and study personnel entered participants’ responses into a digital 
survey—back-up audio recordings were also collected. Task performance was determined for each trial 
and summarized across digit-sequence-lengths; specifically, trial accuracy was determined using the 
average percentage of correctly identified digits by serial position. 
Testing Session 
FOVE VR Headset 
The digit-span task and virtual reality (VR) environment were custom developed using Unity® 
software and presented using the FOVE VR head-mounted display (FOVE, Inc. Silicon Valley, San 
Mateo, CA) with imbedded infrared eye tracking. The head-mounted display simultaneously recorded 
pupillary responses in both eyes at 60Hz and a Logitech keyboard was used by participants to record 
when they were finished reporting all digits that they remember from each trial and to initiate each 
subsequent trial. Two infrared illumination eye tracking sensors within the VR headset measured 
participant pupils by fitting an ellipse to the infrared pupil image—producing pupil radius measurements 
for each eye in millimeters. The headset display consisted of wide quad high definition organic light-
emitting diode (WQHD OLED) 2560 x 1440, displaying up to 70 frames per second and generating up to 
100 degrees of viewing angle. To control for shifts in gaze, participants were asked to look straight ahead 
throughout testing. The task was displayed on a fixed wall within the VR environment to eliminate 
peripheral and distant distractions, reducing potential influence of the pupillary accommodation reflex.  
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Task Presentation  
The task was presented in a custom developed 3D environment using Unity 3D –a cross platform 
game development engine. To account for major confounding variables, with the largest being the 
pupillary light reflex, the scene utilized the “Default-Skybox” light, with an intensity multiplier of 1 and 
remained consistent to standardize luminance between participants. Participants’ vision within the VR 
environment was directed toward the forward-facing wall (3 meters away), on a blank canvas measuring 
0.6m X 0.34m, at a scale of 0.083m. Stimulus cue text on the canvas was standardized across all aspects 
of the task using Arial text (size= 40, color= R:46 G:46 B:46 A: 255) and scaled in the x- and y-axis by 
0.0015, and in the z-axis by 0.005 to ensure the best clarity. Data recording was initiated by study 
personnel prior to any stimulus presentation. 
Participants initiated each trial by pressing the “right direction arrow” on the Logitech keyboard. 
Every digit-span trial began with a baseline/accommodation period that lasted 3 seconds, indicated by an 
“X”. Each digit was then displayed at a 
rate of 1 digit per second. Final digit 
presentation for each trial was followed by 
a 3 second retention period before 
participants were prompted to verbally 
recall the numbers in the reverse order in 
which they were presented for that trial. 
Stimulus presentation is shown in 
sequence in Figure 3.2. When the participant finished their response, they pressed the “space bar” to 
indicate that they completed their response and pressed the “right directional arrow” to proceed to the 
next trial. Participants continued through 66 trials until reaching the ‘end of session’ slide without 
reinforcement or prompts from research assistants.  
 
 
 2 seconds 
Figure 3.2—Stimulus Presentation for Backwards Overload Digit-Span Task 
   
 
 22 
Data Reduction and Processing of Pupillary Response 
The variables obtained from the raw data included left and right pupil radius (mm) and testing 
time (s) each sampled at 60Hz. Timestamps were recorded for: 1) trial number (1-66), 2) digit 
presentations, 3) retention X display, 4) response box display, and 5) participant response completion. 
Participant data files were directly exported into a spreadsheet and imported into Matlab (MATLAB and 
Statistic Toolbox Release 2017b, The MathWorks, Inc., Natick, MA, USA). The study team used a 
custom Matlab program adapted from the suggested procedures for processing pupil size data by Kret and 
colleagues in 2018 to complete all pupil size data processing and reduction.14 The adapted processing 
program employed 6 procedural levels as follows: 1) raw pupil radius measures for each eye were 
converted into diameter and averaged across both eyes; 2) raw data were prepared for filtering by 
removing identified blinks (recorded as .000mm or .0001mm); 3) additional artifacts were detected and 
removed (e.g., signal noise, longer eye closures, etc.) to identify valid samples (i.e., pupil measurements 
not interrupted by blinks or noise); 4) the remaining valid samples were then up-sampled and smoothed 
using linear interpolation; 5) pupil response regions of interest were segmented (i.e., the last 15 samples 
of each baseline period and the first 120 samples of each retention period) and individually averaged; and 
6) segment averages were used to determine change in pupil size for each trial (i.e., average pupil size 
during retention – average baseline pupil size).45  
Processed data (i.e., change in pupil diameter for each trial) were exported from Matlab and 
reduced using SAS 9.4 (Cary, NC). Trials were binned by sequence-length (4-14) and averaged within 
each sequence-length (6 trials per sequence-length) to obtain 11 average change in pupil diameter 
measures, one for each sequence-length.  
Perceived Stress Scale—PSS4 
 The metric to assess stress was the Perceived Stress Scale (PSS4)—included in the study 
questionnaire. This measure is an efficient, validated method to assess individuals’ perception of stress in 
their life—for example the of extent difficulties present and one’s ability to overcome those difficulties. A 
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cumulative score for each participant was computed from responses—ranging from 0 to 16—where 
greater numbers indicate greater perceived stress.  
Statistical Analysis 
Continuous data were summarized using means and standard deviations; frequencies and 
associated percentages summarize our categorical variables. In order to examine potential mediation 
effects of chronic stress and concussion history on pupillary response and task performance during a 
digit-span task we employed separate mixed effects models. Both models included fixed effects of Digit 
Sequence-length, Concussion History, and PSS4 score—and baseline corrected pupillary response and 
task performance (accuracy) served as the dependent variables. The models also included random effects 
to account for any ‘by-subject’ heterogeneity between participants as there is nonindependence in the 
data, particularly the pupillary response of the same individual among the same sequence-lengths. 
Because we sampled individuals from a larger, unknown population, we allowed the effects and intercept 
of participant parameters to vary, estimating µ and s of the population. 
Sample Size Determination 
Based on the traditional “rule of thumb” for determining sample size in multivariable mixed effects 
models suggesting 10-15 participants for each candidate variable (i.e., concussion history, chronic stress, 
and trial difficulty), our sample size (n=40) was sufficient to conduct the proposed analyses for each 
research question.  
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Purpose: To examine the mediation effects of self-perceived chronic stress and concussion history on 
task performance and pupillary responses during a backwards overload digit-span task, in healthy 
individuals, using virtual reality (VR) and eye track and technology. 
Methods: This quasi-experimental study examined the effects of concussion history (yes vs. no) and 
chronic stress as assessed using the Perceived Stress Scale-4 (PSS4) on pupillary responses during a 
backwards digit-span task. The task was displayed within a virtual reality headset, embedded with 
infrared eye tracking and continuously recorded pupil size (diameter in mm). Digit sequences were 
randomly presented and ranged between easy and extremely difficult levels of cognitive load. Time 
locked pupillary responses were calculated for each trial as a measure of neural resource utilization. 
Participants verbally recalled digit sequences for each trial, and trial accuracy was recorded as the 
proportion of correctly recalled digits by serial position. Self-perceived stress was measured using PSS4 
total score. Two linear mixed effects models examined PSS4 and concussion history effects on pupillary 
response and task performance, respectively, across sequence-lengths (a priori α=0.05).  
Results: 40 participants were included in this study [mean age = 20.85 ± 2.1 years, 50% male, 42.5% 
with history of concussion]. In both the pupillary response and task performance models, there was a 
significant effect of the quadratic sequence-length term, (F1,398=8.30, p=0.004) and (F1,398=263.15, 
p=<0.0001), respectively. Specifically, larger sequence-lengths induced lower task performance and 
greater pupillary responses until working memory capacity was met at which pupillary responses 
declined. Concussion history, chronic stress, and their interaction were not significant in either the model. 
Conclusion: Our study findings support the sensitivity of pupillary response to cognitive load beyond 
performance-based measures alone. Neither task performance nor pupillary responses to our overload 
digit-span task were influenced by chronic stress or concussion history. Our VR and eye tracking 
assessment for cognitive efficiency may have implications for clinical practice and future cognitive 
interventions, specifically in concussion.  
Key Words: cognitive load, mTBI, chronic stress, cognitive pupillometry 





Concussion has gained markedly more attention in the media over the past decade concerning 
sport and military engagements, prompting consideration in both clinical and research settings. Current 
recommended clinical assessment and management paradigms for concussion are intentionally broad to 
comprehensively encompass the many factors and symptoms related to concussion. Ambiguity in clinical 
presentation complicates concussion management given temporal inconsistencies between current clinical 
measures and findings from advanced physiological assessments. For example, results from previous 
neuroimaging studies have described compensatory neural resource allocation in response to varying 
cognitive loads following concussion, compared to healthy controls, in the absence of performance 
differences.1,2 Clinicians rely on clinical assessments to inform return to learn and play decisions, though 
poor sensitivity to ongoing physiological deficits could lead to negative consequences during a time of 
prolonged neural vulnerability.3–5 Improved understanding of physiological impairments post-concussion, 
as they relate to clinical outcomes, is therefore imperative in order to support clinical assessment and 
management strategies. 
  Cognitive pupillometry examines acute fluctuations in pupil diameter during cognitive 
processing as a valid physiological marker for global neural resource utilization.6–8 Pupillary responses to 
cognitive demands are modulated by the noradrenergic locus coeruleus (LC) neuromodulatory system 
which has widespread cortical projections and specifically reflects variation in cognitive load.5,9–11 Load-
dependent response dynamics during digit-span working memory tasks in particular are reflected in 
incremental pupil dilation as digits are presented and reach a maximal size following final digit 
presentation compared to pretrial size. Longer sequence-lengths elicit larger dilation responses, and 
subsequently pupils constrict once working memory capacity is reached (e.g., list lengths >9 digits) and 
resource availability is limited.12,13 Few studies have examined pupillary responses during overloaded 
cognitive tasks that challenge resource availability—which may be an important consideration for 
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populations with a greater concussion injury risk (i.e., student athletes, military personnel, etc.) given high 
cognitive demands of daily academics, work, and/or sport related activities.  
 As we explore the utility of cognitive pupillometry for clinical populations, it is important to 
determine potential confounding factors. Recent systematic reviews summarizing various physiological 
concussion measures highlight the importance of accounting for factors that may influence measurement 
validity and reliability, particularly those tied to autonomic function.3,14 Chronic stress, for example, is 
known to influence physiological outcomes (e.g., heart rate variability), and is also a common concussion 
comorbidity which may influence clinical assessment outcomes.15–17 Stress induces the sympathetic 
branch of the autonomic nervous system which is a known modulator of pupil dilation and constriction. 
Recent studies postulate that chronic stress alters LC gene expression and results in an impaired ability to 
respond to phasic stimuli due to tonic stimulation of the LC, resulting in impaired cognition. For example, 
Lukasik et al. examined the association between task performance and chronic anxiety during verbal, 
visuospatial, and n-back working memory tasks and concluded that increased stress was related to poorer 
working memory performance across testing paradigms.18 Similarly, Covassin and Bay assessed cognitive 
function using a variety of cognitive domains including attention and working memory in a mTBI 
population and found a correlation between chronic stress, neurobehavioral symptoms, and cognitive 
function.15 Patients' self-reported premorbid and/or post-concussion stress should be examined as a 
potential confounder for clinical and physiological metrics.16,17  
It is important that we examine the potential indeterminant effect that stress has on pupillometry 
measures during overloaded cognitive tasks as well as any non-additive effect stress might display when 
coupled with a concussion in order to begin adequately characterizing pupillometry as a viable clinical 
tool. Therefore, the purpose of this study was to examine the mediation effects of self-perceived chronic 
stress and concussion history on task performance and pupillary response outcomes during a digit-span 
task designed to overload working memory in healthy individuals. We hypothesized that those with 
greater self-perceived stress scores and those with a concussion history would exhibit greater average 
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change in pupil diameter during the digit-span task as both factors are associated with cognitive 
inefficiency. Contrarily, we anticipated that those with greater self-perceived stress scores would exhibit 
lower task performance measures during the digit-span task, regardless of concussion history.  
METHODS  
This quasi-experimental, cross-sectional study recruited physically active, college aged 
individuals with and without a concussion history. All participants provided written informed consent 
prior to any study participation and the testing session lasted approximately 90 minutes. This study was 
approved by the University’s Institutional Review Board and participants were compensated $10 for their 
time. 
Participants 
All participants were recruited from a single university, were between 18 and 30 years of age, and 
had normal or corrected-to-normal vision. Additionally, concussion history group participants were 
included if their most recent physician diagnosed concussion occurred more than 6 months prior to their 
participation date. Physically active was operationally defined as participating in at least 30 minutes of 
moderate to vigorous physical activity three times per week. Concussion was defined using the Consensus 
Statement on Concussion in Sport from the 5th International Conference on Concussion in Sport as a 
functional brain injuries that are typically induced by biomechanical a cascade of short-lived neurological 
and neuropathological changes.19  
Digit-Span Task Design 
The backwards digit-span task used in the present study was adapted from Johnson et al., and 
designed to overload working memory to accommodate a university sample.13 Our adaptation of the task 
utilized a randomized blocked design containing 6 consecutive testing blocks of 11 random digit-
sequence-lengths between 4 and 14 digits long—each including the numbers 1 through 9—as depicted in 
Figure 1. Digit sequence-lengths were chosen based on previous concussion literature supporting that in 
order to overload individuals within this age range beyond their working memory capacity, sequences 
lengths need to be greater than 12 digits long.20 A Latin Square was used to counterbalance trial 
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presentation order across testing blocks and within trial digit sequence presentation— avoiding duplicate 
and consecutive integers.20 A single testing sessions lasted approximately 90 minutes, including task 
familiarization.  
Task Presentation and VR Integration 
The custom developed digit-span task was designed using Unity 3D® engine software, to be 
visually presented within the FOVE VR head-mounted display (HMD) (FOVE, Inc. Silicon Valley, San 
Mateo, CA). The VR headset is embedded with infrared eye tracking and continuously records bilateral 
pupil size at 60Hz. The HMD uses 6 infrared illuminators per eye and allows for tracking accuracy of 
0.5%, with a trackable view of 100 degrees. The headset display consisted of wide quad high definition 
organic light-emitting diode (WQHD OLED) 2560 x 1440, 70 Hz display refresh rate. The task was 
displayed on a fixed wall within the VR environment to further reduce potential influence on pupillary 
responses from peripheral and distant distractions, saccades, and the accommodation response. Additional 
task design parameters were applied—consistent with previous cognitive pupillometry literature— in 
order to mitigate potential pupil size measurement error and influence from the light reflex.21  These 
included central and equiluminant stimuli presentation, environmental luminance standardization, and 
specific participant instruction.21–23 Previous studies have suggested that inaccuracy in camera-pupil 
distance measures may result in pupil size measurement error up to 5% though sample to sample changes 
in pupil size are more accurate. The use of the HMD allowed for freedom of head movement without 
compromising measurement precision and accuracy—a common concern when using remoted/desktop 
trackers.24,25 However, consistent with other cognitive pupillometry studies, we ensured successful five-
point calibration prior to each testing session for proper identification of participants’ eyes by the eye-
tracker and gaze position.21,26,27 
Participants initiated each trial by pressing the “right direction arrow” on a Logitech keyboard. 
Every digit-span trial began with a baseline/accommodation period that lasted 3 seconds, indicated by an 
“X”. Each digit was then displayed at a rate of 1 digit per second. Final digit presentation for each trial 
was followed by a 3 second retention period before participants were prompted to verbally recall the 
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numbers in the reverse order in which they were presented for that trial. Stimulus presentation is shown in 
sequence in Figure 2. Participants were instructed to press the “space bar” once they completed their 
response and the “right directional arrow” to proceed to the next trial. Participants completed all 66 trials 
until reaching an ‘end of testing session’ screen, without reinforcement or feedback from study 
personnel.40,102 
Task Performance  
Participants were instructed to verbally recall as many digits as they could possibly remember for 
each trial in the exact reverse order in which they were presented. Study personnel entered participants’ 
responses into a digital survey. In accordance with current literature, accuracy was calculated for each 
trial whereby credit was assigned for each digit recalled in the correct serial position, and scores were 
recorded as a percentage of correctly identified digits.28 Percent correct, scoring parameters have been 
shown to improve construct validity in digit-span working memory tasks compared to previous all or 
nothing scoring practices.28 
Perceived Stress Scale (PSS4) 
Chronic stress was assessed using the Perceived Stress Scale (PSS4)—included in the study 
questionnaire. This measure is an efficient, validated method to assess individuals’ perception of stress in 
their life—for example the of extent difficulties present and one’s ability to overcome those difficulties.29 
A cumulative score for each participant was computed from responses—ranging from 0 to 16—where 
greater numbers indicate greater perceived stress. The PSS4 cumulative score (6.7 ± 2.7) is used as a 
moderating variable in the analysis model. The PSS4 includes the following questions: (1) In the last 
month, how often have you felt that you were unable to control the important things in your life? (2) In 
the last month, how often have you felt confident about your ability to handle your personal problems? (3) 
In the last month, how often have you felt that things were going your way? (4) In the last month, how 
often have you felt difficulties were piling up so high that you could not overcome them? 
 




Two infrared eye tracking sensors within the VR headset continuously recorded pupil size in each 
eye at 60Hz by fitting an ellipse to the infrared pupil image and producing pupil radius measurements in 
millimeters. Event marker timestamps were exported from Unity 3D to ensure appropriate response time-
locking for key digit-span task components including 1) trial number (1-66), 2) sequence-length (4 to 14), 
4) baseline and retention X displays, 5) response box display, and 6) recall completion and trial 
advancement. Participant data files were directly exported into a spreadsheet and imported into Matlab 
(MATLAB and Statistic Toolbox Release 2017b, The MathWorks, Inc., Natick, MA, USA).  
Pupillary responses were preprocessed offline using a custom Matlab program in accordance with 
procedures reported by Kret and colleagues (2018) for processing pupil size.30 The adapted processing 
program employed 6 procedural levels as follows: 1) raw pupil radius measures for each eye were 
converted into diameter and averaged across both eyes; 2) raw data were prepared for filtering by 
removing identified blinks (recorded as .000mm or .0001mm); 3) additional artifacts were detected and 
removed (e.g., signal noise, longer eye closures, etc.) to identify valid samples (i.e., pupil measurements 
not interrupted by blinks or noise); 4) the remaining valid samples were then up-sampled and smoothed 
using linear interpolation; 5) pupil response regions of interest were segmented (i.e., the last 250ms of 
each baseline period and the first 2 sec of each retention period) and individually averaged; and 6) 
segment averages were used to perform baseline correction of average pupil size during retention for each 
trial.31 Segmented response intervals of interest with greater than 20% missing data due to signal 
loss and or long eye closure durations >400ms were excluded. Following data processing and 
reduction, participants must exhibit at least 2 valid pupillary response trials for each sequence-length 
to be included in analyses. Trials were considered invalid from missingness deemed too large to 
interpolate and up-sample across for a few distinct reasons: 1) participant did not complete a trial or 
ended a trial early due to accidental trial advancement, 2) participant excessively blinked or looked away 
from the center of the headset, or 3) measurement error within the headset. Finally, processed data were 
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exported from Matlab and SAS 9.4 (Cary, NC) was used for all descriptive statistics and inferential 
analyses.  
General Testing Procedures 
Participants completed a demographic and medical history questionnaire that included specific 
questions regarding their concussion injury history. Participants were then seated in a chair and fitted with 
the FOVE Virtual Reality (VR) head-mounted display (FOVE, Inc. Silicon Valley, San Mateo, CA) while 
wearing a disposable sanitary face cover mask. The headset positioning camera was vertically aligned 
parallel to top of the headset to ensure participants were vertically aligned and facing forward in the VR 
environment.  
Participants then completed a 5-point calibration —and were instructed to follow a highlighted 
point using only their eyes to accurately measure pupil size and gaze direction. Participants were then 
familiarized with the task by completing practice trials (all a 4-digit sequence) until study staff had 
determined that the participant demonstrated adequate understanding and compliance with task 
requirements. Participants were instructed to keep their head still with their eyes focused on the testing 
wall in front of them, refrain from closing their eyes and/or looking around the room while trying to 
remember the digits. 
Participants completed practice trials in order to familiarize them with task presentation and 
sequencing and to ensure understanding of task demands and required responses. Recall periods were 
self-paced, and all trials were participant initiated using keyboard keys. Participants were given 
compliance feedback (e.g., appropriate response timing, trial initiation accuracy, etc.) during practice, and 
encouraged to ask any questions they may have about the testing procedures prior to beginning the 
experimental trials. No feedback was given during experimental trials. 
Statistical Analysis 
Continuous data were summarized using means and standard deviations, and categorical variables 
were summarized using frequencies and associated percentages. To examine potential mediation effects 
of chronic stress and concussion history on pupillary response and task performance during a digit-span 
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task, we employed two separate mixed effects models. Averaged pupillary responses were plotted by 
sequence-length to inform the mean structures of the statistical models. For the pupillary response curve, 
the linear mixed effects model was employed with fixed slopes and random intercepts with quadratic 
mean structures. Both models included fixed effects of digit sequence-length, concussion history, and 
PSS4 score—and baseline corrected pupillary response and task performance (accuracy) served as 
dependent variables. Each model also included random effects to account for any ‘by-subject’ 
heterogeneity between participants as there was nonindependence in the data, particularly the pupillary 
response of the same individual among the same sequence-lengths. Because we sampled individuals from 
a larger, unknown population, we allowed the effects and intercept of participant parameters to vary, 
estimating µ and s of the population. An alpha (α) level of p < 0.05 was established a priori. 
Power Analysis 
Considering the statistical approach for each aim using linear mixed models, formal power 
analysis was not appropriate. Based on the traditional “rule of thumb” for determining sample size in 
multivariable mixed effects models, of 10-15 participants for each candidate variable (i.e., concussion 
history, chronic stress, and trial difficulty), our sample size (n=40) was sufficient to conduct the analyses 
for each research question.  
RESULTS 
A total of 40 recreationally active college students (mean age = 20.85 ± 2.1 years, 50% male, 
42.5% with history of concussion) completed testing procedures, and 2584 trials were included in 
analysis. Non-intended premature trial advancement resulted in 7 missing trials, and an additional 40 
trials were removed due to signal noise or missingness >20% within region of interest. Table 1 provides 
group-level demographic data. The average PSS4 cumulative score for the healthy and concussion history 
groups were 7.0 ± 2.8 and 6.2 ± 2.4, respectively, and the difference between means was not significant 
(p=0.35). Average pupillary responses and task performance measures are summarized across sequence-
lengths in Table 2. As sequence-length increased from 4 to 10 digits, the grand means seem to increase 
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and then decrease, with a maximum pupillary response of 0.23 mm at 5-digits. After a sequence-length of 
10, the grand means decreased through the greatest sequence-length of 14 digits where average pupillary 
response was close to zero at 0.03 mm. Task performance metrics monotonically decreased as sequence-
length increased throughout the entire range of sequence-lengths, with a maximum average performance 
of 91.0% at sequence-lengths of 4 and a minimum average performance of 22.6% at 14 digits. Task 
metrics by concussion history group are displayed in Figure 3 where minimal differences between the 
responses of the two groups are observable, particularly with respect to the task performance metric. Test 
statistics for the generalized linear mixed effects models to estimate pupillary response and task 
performance are summarized in Table 3.  
Pupillary Response Model 
There was a significant main effect of quadratic sequence-length on mean pupillary response 
(F1,398=8.30, p=0.004), such that participants exhibited a greater dilation response as sequence-lengths 
increased until a point and then began to decline. Concussion history, chronic stress, and the interaction 
between concussion history and chronic stress were not significant in the model, (F1,398=0.54, p=0.46), 
(F1,398=0.00, p=0.95), and (F1,398=0.96, p=0.33), respectively suggesting neither concussion history nor 
chronic stress are involved in the relationship between sequence-length and task performance in our 
overload digit-span task (Table 3). Post hoc least square means t-tests for each sequence-length level 
fixed effect indicate that pupillary response to digit sequence-lengths from 4 to 11 are nonzero (p<0.05). 
However, sequence-lengths of 12, 13, and 14 digits are not associated with nonzero fixed effects. 
Task Performance Model 
 There was a significant main effect of quadratic sequence-length on average task performance 
(F1,398=263.15, p=<0.0001), indicating lower task performance was exhibited as sequence-length 
increased. Concussion history, chronic stress, and the interaction between concussion history and chronic 
stress were not significant in the model, (F1,398=1.16, p=0.28), (F1,398=1.11, p=0..29), and (F1,398=1.24, 
p=0.27), respectively, suggesting neither concussion history nor chronic stress are involved in the 
relationship between sequence-length and task performance in our overload digit-span task (Table 3). The 
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post hoc least square means t-test for each sequence-length level in the task performance model is 
associated with a nonzero fixed effect value. 
DISCUSSION 
 The purpose of this study was to investigate the mediation effects of self-perceived chronic stress 
and concussion history on pupillary responses and task performance metrics during a digit-span task in 
healthy individuals. Both the model predicting average pupillary response by sequence-length and the 
model predicting task performance by sequence-length exhibited a significant effect of the quadratic 
sequence-length term. The significance of a sequence-length squared term indicates that both the 
pupillary response and task performance exhibit a quadratic response to sequence-length which signifies 
the success in overloading participants past working memory capacity such that their performance started 
to approach an asymptote, either approaching no pupillary response or low task performance, when 
presented sequence-lengths beyond an individual’s working memory capacity as seen in Figure 3. These 
findings are consistent with current literature that suggests as individuals are presented with cognitive 
demands beyond working memory capacity, performance decrements may result due to limited resource 
availability.12,13 Our overall findings summarized across sequence-lengths illustrate the appropriate 
modulation of difficulty elicited by our task.  
Concussion history groups did not demonstrate statistically significant differences in pupillary 
response dynamics or task performance across levels of task difficulty. Our findings contradict recent 
studies examining group differences in concussion or mTBI groups. For example, a recent study by 
Hershaw et al. examined the utility of multiple pupillary response metrics during a cued attention task 
between healthy individuals and those experiencing a prolonged concussion recovery. Findings from the 
Hershaw study demonstrated greater pupillary response metrics with greater loads in the concussion 
group compared to healthy controls—indicating greater cognitive resources utilization while completing 
an attention task.21 Our results suggest that chronic stress, quantified by cumulative PSS4 scores, also 
demonstrated negligible relationships with average pupillary response and task performance measures 
regardless of sequence-length. Furthermore, the interaction between concussion history and chronic stress 
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(PSS4 scores) was not significant. Our findings may differ from the methodologically exploratory study 
conducted by Hershaw et al. in that they examined several pupillary metrics (e.g., cue- and response-
locked means, peaks, peak latencies) and their variability and reliability across concussion history groups 
and cognitive loads. Furthermore, the cognitive task employed in the Hershaw study was an n-back cued-
attention task where cognitive load differed by response time to targets. Lastly, the concussion history 
group included in the Hershaw study was still symptomatic, requiring a chronicity of the concussive 
injury sustained by participants in the concussion history group. These differences in outcome measures, 
task design, and inclusion criteria may help explain the differences in results found between our study and 
that conducted by Hershaw et al.  
Post hoc t-tests for nonzero fixed effect values at each sequence length level indicate that the 
fixed effects for sequence-lengths ranging from 4 to 11 in the model predicting pupillary response are 
nonzero; however, we were unable to prove that the fixed effects values for sequence-lengths between 12 
and 14 differed from zero (p=0.41, 0.14, 0.46, respectively). These results indicates that pupillary 
response during our backwards digit-span task appeared to converge on zero at longer sequence-lengths. 
Contrarily, each of the t-tests to supposing a value of zero for fixed effects of sequence-length in the task 
performance model were statistically significant, suggesting that the task performance model does not 
converge to zero at longer sequence-lengths. Notably, our participants were largely able to identify at 
least the first few digits on each trial, regardless of sequence-length. Because of this, individuals who 
were fairly overloaded at sequence-lengths beyond working memory capacity were still able to correctly 
identify a portion of recently presented digits—demonstrating nonzero task performance past resource 
availability. However, pupillary response during relatively longer sequence-lengths that exceed working 
memory capacity converges on zero. These trends suggest that pupillary response might be more sensitive 
in identifying task difficulties beyond working memory capacity in overload digit-span tasks whereas task 
performance measures do not converge as quickly and so cannot be utilized in such ways. Previous 
studies have identified the sensitivity of pupillary response to working memory capacity6,9,12,32 as well as 
identified cognitive inefficiency as a long-lasting comorbidity of concussion19,33, so future research should 
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continue to investigate the utility of measuring working memory capacity in concussed populations as a 
measure of prolonged physiological injury in individuals.  
Negligible concussion history effects may be further explained by time since most recent 
concussion, severity of concussion, or number of concussions for participants. We anticipated the data 
might show evidence of this phenomenon in the concussion history group, but pupillary response did not 
depend on concussion history in our model, indicating that the participants with concussion history did 
not differ in their global neural resource utilization and efficiency in completing the backwards digit-span 
task compared to their healthy counterparts. Participants in the present study reported average recency of 
concussion within 5.6 ± 3.3 years, compared to other studies reporting more recent diagnoses of less than 
6 days2, less than 30 days34, or longitudinal studies with assessment at multiple timepoints post injury 
(i.e., acute, asymptomatic, and return to play timepoints),1,35 which may explain our differential results. 
Such factors should be investigated in future studies to help elucidate the temporal, gradient, and additive 
effects of concussion on cognitive efficiency.  
Similarly, chronic stress as measured by PSS4 scores did not significantly predict either task 
metric for cognitive efficiency. The finding that chronic stress does not statistically predict task 
performance is consistent with the study by Hadwin et al. that reported those with chronic stress, as 
measured by a similar metric PSS14, performed similarly to their healthy counterparts during working 
memory tasks. Our findings differ in that pupillary response was not significantly predicted by PSS4 
scores, perhaps indicating that chronic stress does not impact resource utilization during backwards digit-
span tasks, while Hadwin et al. found that individuals with chronic stress took longer to complete 
cognitive tasks compared to healthy controls, suggesting potential compensatory mechanisms at work in 
completing cognitive tasks. It is possible that cognitive pupillometry is not sensitive to this compensatory 
action so does not need to be controlled for in future studies.  
Similarly, our results concluded that an interaction between concussion history and PSS4 score 
likely does not exist in the relationship between sequence-length and pupillary response or task 
performance during a backwards-digit span task. This result is consistent with the findings that neither of 
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the two terms constituting the interaction were significant in the mixed effects model. However, just as 
with concussion history, future studies might consider factors surrounding an individual’s most recent 
concussion such as severity and recency because normalization of prolonged stress after injury might 
have resolved for all of the study participants.  
LIMITATIONS 
 The present study was limited in the length of the task (about 45 minutes) which was a 
considerably long duration to observe, remember, and report series of numbers. In an effort to mitigate 
this weakness, the trials were participant-initiated in order to allow individuals to take breaks as needed. 
Despite this, some participants might have become fatigued and disengaged from the task, resulting in 
poor, unrepresentative data for particularly long sequence-lengths or towards the end of the testing 
session. Furthermore, chronic stress was estimated using a self-reported method. This measure was 
potentially susceptible to subjectivity due to differing interpretations of the questions or differing 
perceptions of stress. Additionally, the chronic stress metric was taken from one point in time, but 
perhaps individuals were concerned about particulars of the testing day (e.g., tests, homework, social 
stressors) and so answered PSS4 questions to indicate more stress than they actually experienced over the 
past month.  
CONCLUSIONS 
 This study was conducted in part to investigate if pupillometry can capture this vulnerable 
postinjury phase in concussed individuals as well as to investigate if chronic stress is a mediator in this 
relationship in order to inform future concussion management. Our findings suggest that concussion 
history (concussion diagnosis no earlier than 6 months prior to study enrollment) has no significant effect 
on pupillary response (i.e., the average change in pupil diameter) during a backwards digit-span task. 
Furthermore, chronic stress was not a significant modifier in predicting either pupillary response or task 
performance (i.e., average percent of digits correctly recalled) from digit sequence-length. This study 
provides support for the use of VR headsets in administering cognitive tasks, particularly digit-span tasks, 
in a controlled environment while simultaneously measuring changes in pupil size as a tool to indirectly 
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measure global neural resource utilization. Continued exploration of cognitive pupillometry metrics as 
they relate to cognitive efficiency in clinical populations should continue to examine potential factors 
such as time since most recent concussion, severity of concussion, and number of previous concussions 
should be controlled for in future studies as these considerations may modify pupillary response 
dynamics.    
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MANUSCRIPT TABLES AND FIGURES 
Table 1. Demographic Characteristics of Participants by Concussion History Group (N=40) 
 Control (n=23) Concussion History (n=17) 
Sex Male = 12 (52%) 
Female = 11 (48%) 
Male = 8 (47%) 
Female = 9 (53%) 
PSS4 Score, M (SD) 7.0 (2.8) 6.2 (2.4) 
* No significant group differences between concussion history groups for sex (p=0.75, chi-square test for homogeneity) or 
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Table 2. Ensembled Means of Backwards Digit-Span Task Metrics – Pupillary Response and Task 
Performance – by Sequence-length (N=2584 Trials) 
Sequence 
Length 
Pupillary Response (mm) Task Performance (%) 
Mean 95% CI Mean 95% CI 
4-digits 0.13 (0.08, 0.17) 91.0% (88.1%, 94.0%) 
5-digits 0.23 (0.17, 0.28) 85.4% (82.2%, 88.6%) 
6-digits 0.15 (0.10, 0.20) 69.5% (65.6%, 73.5%) 
7-digits 0.20 (0.15, 0.25) 57.9% (51.2%, 58.5%) 
8-digits 0.13 (0.07, 0.20) 48.1% (44.7%, 51.4%) 
9-digits 0.16 (0.10, 0.21) 41.2% (38.1%, 44.3%) 
10-digits 0.16 (0.11, 0.22) 33.6% (30.9%, 36.2%) 
11-digits 0.11 (0.06, 0.17) 29.2% (27.0%, 31.4%) 
12-digits 0.04 (-0.02, 0.09) 26.3% (24.3%, 28.2%) 
13-digits 0.06 (0.00, 0.13) 24.4% (22.7%, 26.1%) 
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Table 3. Linear Mixed Effects Model Results  
 Pupillary Response Task Performance 
Fixed Effects Estimate SE F  p Estimate  SE F  p 
Sequence-length 0.0164 0.0110 2.20 0.1378 -0.1590 0.0055 824.89 <.0001 
Sequence-length *  
Sequence-length 
-0.0026 0.0009 8.30 0.0040 0.0073 0.0004 263.15 <.0001 
Concussion History -0.1359 0.1857 0.54 0.4643 -0.0964 0.0894 1.16 0.2812 
Perceived Stress Score -0.0010 0.0158 0.00 0.9486 -0.0080 0.0076 1.11 0.2928 
Concussion History * 
Perceived Stress Score 
0.0260 0.0265 0.96 0.3268 0.0142 0.0128 1.24 0.2657 
Aim 1: Predicting Pupillary Response Using Fixed Effects for Sequence-length, Concussion History, 
and PSS4 Scores and Random Effects by Participant.  
Aim 2: Predicting Task Performance Using Fixed Effects for Sequence-length, Concussion History, 
and PSS4 Scores and Random Effects by Participant. 
 
  




Figure 1. Task Design – The digit-span task was a randomized block design consisting of 6 consecutive 
blocks containing digit sequence-lengths of 4 through 14. Digit sequence-lengths were first randomized and 
then reshuffled using a Latin Square design in each consecutive block to account for testing order effects. A 
total of 66 trials are depicted. 
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2 seconds 
Figure 2. Stimulus Presentation for the Backwards Overload Digit-Span 
Task 








Figure 3. Averaged Task Metrics – Aggregate Average Pupillary Response and 
Task Performance by Digit-Sequence Length Between Concussion History 
Groups with a 95% Confidence Band  
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Directed Acyclic Diagram (DAG) Representation of Statistical Analysis. The independent variable, digit-span 
sequences, is represented by grey bars and the grey rectangle. Pupillary response and task performance, our 
dependent variables, are represented by the blue rectangles. The three potential effect measure modifiers—
participant, concussion history, and PSS4 score—are represented by the 3 circles. Random effects to account 
for the ‘by-subject’ heterogeneity between participants is depicted by the µ and s parameters. The variables of 
concussion history and PSS4 score will have fixed effects in the model. We will assess a potential interaction 
between concussion history and PSS4 scores, shown in red, as the effect of PSS4 and concussion history might 
exhibit a non-additive relationship. 
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Figure 2: Statistical Analysis Table  
Model Aims Dependent Variable Independent 
Variable 
Analysis 
1 To examine associations 
between concussion 
history and task 
difficulty on average 
change in pupil diameter 
during an overload digit-
span task while 
simultaneously probing 
perceived stress level as 
a potential mediator. 
Average change in pupil 
size between the 
retention and baseline 
periods. 
• Task difficulty: 
digit sequence-
lengths (4 – 14) 
Covariates: 
• Concussion history 
(y/n) 
• Perceived stress: 
PSS4 score (0-16) 
 
Linear mixed effects model 
 
1 random effect: 
• By participant 
 
3 Fixed effects: 
• Perceived Stress: PSS4 
score 
• Sequence-length as a 
grouping variable 
• Concussion history 
(yes/no as a grouping 
variable) 
 
2 To examine associations 
between concussion 
history and task 
difficulty on average task 
performance during an 
overload digit-span task 
while simultaneously 
probing perceived stress 
level as a potential 
mediator. 
Average percent correct 
(task performance) 
• Task difficulty: 
digit sequence-
lengths (4 – 14) 
Covariates: 
• Concussion history 
(y/n) 
• Perceived stress: 
PSS4 score (0-16) 
 
Linear mixed effects model 
 
1 random effect: 
• By participant 
 
3 Fixed effects: 
• Perceived Stress: PSS4 
score 
• Sequence-length as a 
grouping variable 
• Concussion history 
(yes/no as a grouping 
variable) 
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CHAPTER 5: SUMMARY & REFLECTION 
Purpose  
The purpose of this study was to investigate the effect of concussion history and self-perceived chronic 
stress (measured by PSS4 scores) on two digit-span task metrics: pupillary response and task 
performance. Forty college-aged, physically-active participants (mean age = 20.85 ± 2.1 years, 50% male, 
42.5% with history of concussion) completed testing procedures and were included in analysis. 
Summary Aim 1 
Question: Do chronic stress (PSS4 total score) and concussion history demonstrate mediation effects on 
pupillary response during a digit-span task in healthy individuals?  
Hypothesis: We hypothesized that those with greater self-perceived stress scores and those with a 
concussion history would exhibit greater average change in pupil diameter during the digit-span task. 
Results: There was a significant main effect of sequence-length on mean pupillary response 
(F1,398=8.30, p=0.004), such that participants exhibited a greater dilation as sequence-lengths increased. 
Concussion history, chronic stress, and the interaction between concussion history and chronic stress were 
not significant in the model, suggesting neither concussion history nor chronic stress are involved in the 
relationship between sequence-length and task performance. These findings were not supportive of our 
hypothesis.  
Summary Aim 2 
Question: Do chronic stress (PSS4 total score) and concussion history demonstrate mediation effects on 
task performance during a digit-span task in healthy individuals? 
Hypothesis: We anticipated that those with greater self-perceived stress scores would exhibit lower task 
performance measures during the digit-span task, regardless of concussion history. 
Results: There was a significant main effect of sequence-length on average task performance 
(F1,398=263.15, p=<0.0001), indicating lower task performance was exhibited as sequence-length 
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increased. Concussion history, chronic stress, and the interaction between concussion history and chronic 
stress were not significant in the model, suggesting neither concussion history nor chronic stress are 
involved in the relationship between sequence-length and task performance. The finding that concussion 
history was not a significant mediator in the relationship between sequence-length and task performance 
supported our hypothesis, but the model did not support our hypothesis that PSS4 scores would be a 
significant mediator.  
Lessons Learned 
 I can honestly say that completing an honor’s thesis was one of the most formative experiences 
during my time at UNC. Because of my time as an undergraduate research assistant in the Gfeller Center, 
I know that I want to pursue a career with involvement in clinical research. I am so thankful to have been 
given the opportunity to explore and grow this interest. I cannot possibly touch on all of the lessons that I 
have learned, but I would like to stress a few of the major take-aways that resonate most with me: (1) 
research is team-oriented, (2) research requires organization and effective communication, and (3) it is 
important to find passion in research.   
 The project that I worked on in conjunction with my thesis dove into a novel realm in concussion 
research where few guidelines or precedents have been established. Because of this, many of the items 
that the research team was tasked with were met with a fair amount of trial-and-error and steep learning 
curves (for me at least). Without the collaboration of team members and subsequent learning from one 
another, the project would have progressed much slower and not nearly as successfully. Each individual I 
worked with during my experience brought new knowledge, skills, perspectives, and insights into how to 
solve problems or ideas on how to better the project. I appreciate that when conducting research, not 
everyone needs to be an expert on all aspects of a study, but when a project is divided amongst a team, 
large aspirations become much more manageable.  
 I learned so much from Tina about project management, organization, and communication. 
Particularly, I now know that I need to make myself to-do lists frequently, making sure to accomplish 
action items first before diving into tasks I feel more comfortable completing such as programming. I 
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have also become much better at communicating within and about code, particularly writing clear, 
understandable comments throughout programs that can be understood by others. Lastly, I think I have 
probably grown the most in my scientific writing skills. Tina has spent a lot of time with me on refining 
documents and developing ways to breakdown writing that I find intimidating into manageable segments. 
While I undoubtedly have more to learn, I am now able to approach scientific writing with less 
apprehension and am able to complete drafts much quicker and with more confidence.   
 Lastly, in a round-about way, I am grateful for my concussion during the spring of my sophomore 
year because it led me to the Gfeller Center. I had previously worked in a chemistry lab as a research 
assistant, and I enjoyed my work, but my enthusiasm for research then pales in comparison to that which 
drives me toward concussion research. For example, in conducting my literature review, I frequently read 
articles that were able to put into words sentiments and symptoms that I experienced after my injury that I 
had been unable articulate myself. Furthermore, I found the pathophysiology of concussion fascinating as 
I began to understand at the physiological level what caused my day-to-day symptoms after my accident. 
I think having experienced a concussion and still living in the uncertainty of whether or not some of the 
deficits I still occasionally encounter instill a passion and enjoyment for concussion research in me that I 
might not have otherwise found. I aim to continue involvement in research if not in concussion, then in 
concentrations where I find interest and connections to the phenomenon I am studying.  
Future Research 
 Future research should continue to investigate the use of VR and eye tracking devices to 
potentially estimate cognitive efficiency of individuals for use in concussion settings. It would be 
informative to conduct a longitudinal study where participants complete a digit-span task during the acute 
phase of a concussive injury, after symptom resolution, and then when they return to normal activities in 
an effort to detect and/or characterize any mediation effects that time-since-injury might have on the 
relationship between the cognitive load and pupillary response. Additionally, future studies might 
consider analyzing pupillary response to a digit-span task as a time signal as opposed to individual trials, 
considering covariates such as time into testing session, sequence-length of preceding trial, and pupillary 
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constriction back to original baseline measure pretesting session. Considering such factors might work to 
reduce some of the variability seen in the pupillary responses from this study, helping to better 
characterize the response of interest.  
